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Centromeres exert an inhibitory effect on meiotic recombination, but the possible contribution 
of satellite DNA to this “centromere effect” is under debate. In the horse, satellite DNA is present 
at all centromeres with the exception of the one from chromosome 11. This organization of 
centromeres allowed us to investigate the role of satellite DNA on recombination suppression in horse 
spermatocytes at the stage of pachytene. To this aim we analysed the distribution of the MLH1 protein, 
marker of recombination foci, relative to CENP-A, marker of centromeric function. We demonstrated 
that the satellite-less centromere of chromosome 11 causes crossover suppression, similarly to satellite-
based centromeres. These results suggest that the centromere effect does not depend on satellite DNA. 
During this analysis, we observed a peculiar phenomenon: while, as expected, the centromere of the 
majority of meiotic bivalent chromosomes was labelled with a single immunofluorescence centromeric 
signal, double-spotted or extended signals were also detected. Their number varied from 0 to 7 in 
different cells. This observation can be explained by positional variation of the centromeric domain on 
the two homologs and/or misalignment of pericentromeric satellite DNA arrays during homolog pairing 
confirming the great plasticity of equine centromeres.
A key step of meiosis is the recombination between homologous chromosomes, a process that has the dual role of 
providing immediate physical connections between homologs and increasing genetic diversity1. In the leptotene 
phase of prophase I, homologous chromosomes begin to pair through the assembly of the synaptonemal complex 
(SC), an evolutionarily conserved zipper-like protein structure2,3. This stage is followed by zygotene, where mei-
otic recombination is triggered by the formation of SPO11 induced double strand breaks (DSBs)4. It is later on, in 
the pachytene phase, when homolog pairing is completed and DSBs are resolved producing crossing over events 
(CO). CO homeostasis and distribution along chromosomes are tightly regulated5–7. In particular, it is well known 
that at least one CO per chromosome pair is required and that the presence of a CO influences the positioning of 
other CO events on the same chromosome. This phenomenon is called crossing over interference8,9.
A key element for the regulation of CO positioning is the centromere, the chromosomal nucleoprotein struc-
ture that is the site of kinetochore assembly required for proper chromosome segregation during cell division.
Despite the evolutionary conservation of centromeric proteins, centromeric DNA sequences are extremely 
divergent and neither necessary nor sufficient for determining the centromeric function. This paradox is 
explained by the fact that the centromeric function is epigenetically specified and CENP-A, the histone H3 cen-
tromeric variant, is the key marker10,11.
The centromere exerts a direct, negative effect on meiotic recombination, both within itself and on the prox-
imal regions12–15. This effect, which is conserved across eukaryotes, is known as the “centromere effect”. It was 
shown that crossover suppression ranges from 5-fold to >200-fold in different organisms16–24. The precise mech-
anisms responsible for this phenomenon are still controversial. One hypothesis is that selective pressure to reduce 
crossing over near the centromere would be strong. Indeed, recombination events too close to the centromere 
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may disrupt pericentric sister chromatid cohesion, strongly affecting kinetochore functionality15,24. Since cen-
tromeres are known to reside in a heterochromatic environment, a contribution of heterochromatin in this 
crossover suppression has been proposed15,24. Mammalian centromeres are embedded in wide heterochromatic 
domains which are typically associated to satellite DNA, but it is still unclear whether the presence of repetitive 
DNA contributes to the “centromere effect”24.
To answer this question, we took advantage of the Equus caballus (domestic horse) model system25. In this spe-
cies, the centromere of chromosome 11 (ECA 11) is devoid of satellite sequences while all the other centromeres 
are satellite-based26,27. This peculiar centromere, similarly to several satellite-less centromeres in other species of 
the genus Equus, arose recently during evolution as a result of repositioning28–30 which is the movement of cen-
tromeric function along the chromosome without marker order variation31. Besides centromere movement, the 
genomes of equids are characterized by an exceptional plasticity regarding retrotransposition32 and insertion of 
nuclear mitochondrial DNA fragments33.
We previously isolated and characterized the major horse centromeric satellite DNA family, 37cen34,35. The 
satellite-less centromere of ECA 11 was the first one to be identified and described at the molecular level26. Recent 
studies showed that the position of ECA 11 centromere is not fixed but, in different individuals, it slides within a 
500 kb window giving rise to positional alleles36,37. These “epialleles” are inherited as Mendelian traits, but their 
position can slide in one generation being stable during mitotic propagation of cultured cells37. The “centromere 
sliding” phenomenon thus confirms the epigenetic nature of centromeres and proves that centromeric domains 
are characterized by positional instability36.
In the present work we mapped recombination foci along horse chromosome 11 and found that, although 
its centromere is devoid of satellite repeats, it exerts an inhibitory effect on recombination. We then discovered 
that double well separated CENP-A binding domains were present at several pachytene bivalents and proposed a 
model to explain their formation.
Results
Distribution of MLH1 foci in male horse meiosis. The distribution of MLH1 foci, a marker of meiotic 
crossovers, was investigated at pachytene stage by immunofluorescence. We used an anti-MLH1 antibody to label 
recombination sites, an anti-SCP3 antibody, for the immunostaining of the synaptonemal complex (SC), and a 
CREST serum, to label all centromeres. Pachytene cells from three different horses were analysed. In Table 1 the 
mean number of MLH1 foci per cell and the mean number of foci per bivalent are reported. The horse karyotype 
is characterized by a diploid number of 31 autosomal bivalents, 13 of which metacentric. The total number of 
autosomal MLH1 foci per cell ranged from 36 to 54 in horse TE, from 38 to 51 in horse PV and from 42 to 63 in 
horse MP, with an overall mean frequency of autosomal MLH1 foci of 45.30 ± 4.90 per cell. In the 13 metacentric 
bivalents we detected an average number of 24.12 ± 3.04 foci per cell, with 1.86 ± 0.23 foci per chromosome, 
while in the 18 acrocentric chromosomes the mean frequency of MLH1 foci per cell was 21.18 ± 2.78, with an 
average of 1.18 ± 0.15 foci per bivalent (Table 1). These results are in agreement with the previously described 
frequency of MLH1 foci in horse male meiosis38 highlighting the requirement of an “obligatory CO” per bivalent 
to ensure chromosomal disjunction. MLH1 foci on the XY body were not taken into account, due to their peculiar 
organization and meiotic behaviour.
To evaluate whether a satellite-less centromere suppresses meiotic recombination at the same level as 
a satellite-based one, we compared the distance between each MLH1 focus and the centromere on ECA 
11 and on all other chromosomes. To this end, we combined immunostaining to localize MLH1 foci and 
centromeres with FISH using the 37cen satellite DNA as probe. We previously demonstrated that this probe 
labels all horse centromeres except the ones of ECA 11 and ECA 227. In Fig. 1a, MLH1 foci (green) and 
centromeres (red) in a pachytene spread are shown and the identification of ECA 11 in the same spread is 
shown in Fig. 1b. This experimental workflow allowed us to easily identify ECA 11 as the smaller chromo-
some negative to 37cen hybridization (Fig. 1b). It is important to point out that the centromere of ECA 11 is 
the only one totally lacking any satellite repeats while, at the centromere of chromosome 2, satellite repeats 
other that 37cen are present26,27. The distance between recombination foci on ECA 11 and the centromere 
was measured in 42 cells of horse TE, where a total number of 69 MLH1 signals were detected (red line in 
Fig. 1c). Since the distribution of crossovers is influenced by total chromosomal length38, in each one of the 
42 spreads, metacentric bivalents with a meiotic length comparable to ECA 11 (length of ECA 11 ± 0.5 cm) 
were identified as control for a total of 67 synaptonemal complexes and 104 MLH1 foci (blue line in Fig. 1c). 
This analysis allowed us to compare the distribution of MLH1 foci on ECA 11 and on chromosomes with 
comparable meiotic length but with satellite-based centromeres. The distance between MLH1 foci and the 

















TE 39 44.85 ± 4.54 1.45 ± 0.15 23.95 ± 3.12 1.84 ± 0.24 20.90 ± 2.52 1.16 ± 0.14
PV 10 45.30 ± 4.57 1.46 ± 0.15 23.90 ± 3.00 1.84 ± 0.23 21.40 ± 2.32 1.19 ± 0.13
MP 8 47.50 ± 6.85 1.53 ± 0.22 25.25 ± 2.82 1.94 ± 0.22 22.25 ± 4.30 1.24 ± 0.24
total 57 45.30 ± 4.90 1.46 ± 0.16 24.12 ± 3.04 1.86 ± 0.23 21.18 ± 2.78 1.18 ± 0.15
Table 1. Distribution of total autosomal MLH1 foci in Equus caballus. Mean values are reported with their 
standard deviations.
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(grey line in Fig. 1c). The same measurement was performed on all other metacentrics (orange line in 
Fig. 1c) and on acrocentric chromosomes (cyan line in Fig. 1c). MLH1 foci on the p and q arms of metacen-
trics were measured separately.
No MLH1 foci were detected around the centromere region of all bivalents. In particular, the distance between 
the centromere and MLH1 foci on all metacentrics, including ECA 11, follows a bimodal distribution with a 
marked depression around the centromere. The distribution of MLH1 foci on the acrocentrics is similar to the 
one on the q arms of metacentrics with a drop in the frequency of crossovers near the centromere. As expected, 
the maximum distance covered by the ECA 11 curve (red) and by the curve of the small metacentric chromo-
somes used as control (blue) is shorter than the one covered by the curves obtained from all other chromosomes. 
These results show that the centromere effect affects all horse chromosomes independently of the presence of 
satellite DNA at their centromeres.
Figure 1. Localization of MLH1 foci. (a) Triple immunofluorescence with anti-SCP3 antibody (blue), CREST 
serum (red) and anti-MLH1 antibody (green) on a horse pachytene spread. The XY body is indicated with 
an arrow. (b) FISH identification of ECA 11 centromere using the 37cen satellite probe (red) on the same 
pachytene spread. ECA 2 and ECA 11 are the only two chromosomes lacking 37cen signals. ECA 11 can be 
recognized because it is shorter than ECA 2. (c) Distribution on p and q arms of MLH1 foci on ECA 11 (red), 
control metacentric chromosomes of similar size (blue), ECA 2 (grey), all other metacentrics (orange) and 
acrocentrics (cyan). The distance from the centromere was measured in centimetres.
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Identification of double and stretched CENP-A signals in horse bivalents. During the analysis 
of recombination foci in spermatocytes at the pachytene phase of meiosis we observed a peculiar phenome-
non: while, as expected, the centromere of the majority of bivalents was labelled with a single CREST signal, 
double-spotted centromeres were also detected on several bivalents (Fig. 2a). These signals were never observed 
on XY bodies.
Besides double signals composed by two well separated dots and canonical single-dotted signals, we could 
observe “stretched” signals likely deriving from two spots too close to be resolved separately (Fig. 2a). From now 
on, double and stretched signals will be called DSS (Double and Stretched Signals).
Since the CREST serum may recognize centromeric proteins other than CENP-A, we tested whether DSS 
are due to the presence of two separated CENP-A domains or to other peri-centromeric proteins that may not 
colocalize with CENP-A. To this goal we produced an anti-CENP-A serum in sheep immunized with the horse 
protein. The specificity of this new antiserum was tested by western blotting and immunofluorescence (see 
Supplementary Fig. S1). We then performed immunofluorescence experiments on horse pachytene spreads from 
horse TE either with a CREST serum or with the anti-CENP-A serum. Bivalents with DSS were identified in 
both CREST (Fig. 2a) and CENP-A experiments (Fig. 2b) with the same frequency (Fig. 3a), indicating that they 
are CENP-A binding domains. In addition, we performed a triple immunofluorescence experiment with the 
anti-SCP3 antibody, the CREST and the anti CENP-A sera on pachytene spreads. As shown in Supplementary 
Fig. S2, CREST and CENP-A signals colocalize on all centromeres, including those with DSS signals. These results 
demonstrate that DSSs correspond to CENP-A binding domains.
The pattern of DSS signals suggests that they correspond to centromeric domains located in different posi-
tions on the two homologs. If this hypothesis was correct, the intensity of each one of the double spots should be 
about half the intensity of single spots. In particular, the intensity of each spot in double-spotted signals should 
Figure 2. DSS centromeres. (a) In the first row, DSS bivalents (white arrows) detected by double 
immunofluorescence with an anti-SCP3 antibody (red) and a CREST serum (green) are shown. Signals ranged 
from double-spotted signals to stretched signals (from left to right). In the second and third rows the red and 
the green channels are shown separately. (b) In the first row, DSS bivalents (white arrows) detected by double 
immunofluorescence with anti-SCP3 antibody (red) and anti-CENP-A serum (green) are shown. Signals ranged 
from double-spotted signals to stretched signals (from left to right). In the second and third rows the red and 
the green channels are shown separately.
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be comparable to signal intensities on chromosomes X and Y, where the two centromeric regions are not paired. 
We quantified the intensity of all CENP-A signals on 20 pachytene spreads (Fig. 3b). Indeed, the intensity of 
each dot in double-spotted signals is comparable to the one on X and Y and about half the one on single-spotted 
centromeres (Fig. 3b). The intensity of “stretched” signals is similar to the one of canonical single-spotted cen-
tromeres (Fig. 3b).
Interestingly, no DSSs were observed on ECA 11. To characterize the centromeric domains of ECA 11 in 
horse TE, a ChIP-seq experiment was carried out with the CREST serum and two adjacent peaks were detected 
(Fig. 3c). As previously demonstrated36,37 the two peaks correspond to the centromeric regions on the two 
homologs. The proximity of the two peaks in horse TE strongly suggests that they are too close to be resolved as 
DSSs on meiotic bivalents. The same ChIP-seq characterization of horse centromeres other than the one of ECA 
11 is not possible since they contain satellite DNA sequences, which are not assembled in the horse reference 
genome due to their repetitive nature35,37.
DSSs were not observed on ECA 2, whose centromere lacks 37cen repeats but contains other satellite repeat 
families27. To further investigate intra- and inter-individual variability of the DSS centromeres, we performed the 
same immunofluorescence experiment using the anti-CENP-A antibody on two additional horses, scoring the 
number of DSS centromeres per cell. From each individual 25 cells were evaluated. Intra-individual variability 
was high in all the three individuals, with the number of DSS centromeres ranging from 0 to 7 (Fig. 3d) whereas 
the fraction of cells with at least one DSS did not vary among individuals. The average number of DSSs per cell 
was 2.0 ± 1.5 in horse TE, 2.4 ± 1.8 in horse LL and 2.0 ± 1.4 in horse KA. Using the Kruskal-Wallis test, we 
showed that inter-individual variability was not statistically significant (p value 0.8146).
Discussion
In this work, we describe the chromosomal distribution of recombination events in male horse meiosis. A great 
inter-cellular variability in the number of crossovers, which ranged from 36 to 63, was observed, in agreement 
with previous findings in other mammalian species39–43.
When considering chromosomal distribution in mammals, it is well known that crossovers are not ran-
domly distributed but their positioning is tightly regulated5–7. Particularly relevant is the inhibition of meiotic 
Figure 3. Number, frequency and signal intensity of DSS centromeres. (a) Number of cells containing no DSS 
bivalents (green) or at least one DSS bivalent (yellow) using the CREST serum (left, number of cells = 25) and 
the anti-CENP-A antibody (right, number of cells = 25) on horse TE. (b) Box and whisker plot representing 
the intensity of signals of single-spotted centromeres (orange), centromeres of the XY body (blue), stretched 
centromeres (red) and single spots in double-spotted centromeres (yellow). Number of cells = 20. (c) ChIP-seq 
identification of the centromeric domains on ECA 11 in horse TE. Genomic coordinates (Mb) are reported 
above. Blue peaks represent read coverage from DNA immunoprecipitated with the CREST serum. The dark 
profile represents read coverage of the non-immunoprecipitated input sample. (d) Number of DSS per cell 
in TE, LL and KA. For each individual, the number of cells with 0, 1, 2, 3, 4, 5, 6 and 7 DSS centromeres are 
reported. H statistic with P value, derived from the Kruskal-Wallis test, is reported below.
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recombination in the pericentromeric region15. This centromere effect has been described in all eukaryotes, 
including humans and other mammals12–24, and we show here that it is clearly observed also in the horse.
We took advantage of the horse model system to test whether the centromere effect on recombination suppres-
sion is related to the presence of satellite DNA. To this goal we mapped recombination foci on ECA 11 through 
the cytogenetic localization of the MLH1 protein along the synaptonemal complex and detected a crossover 
suppression around the satellite-less ECA 11 centromere, demonstrating that the centromere effect depends on 
the centromeric function itself rather than on satellite DNA sequences and supporting the hypothesis that recom-
bination suppression at pericentromeres is not related to DNA sequence but rather to the epigenetic environment. 
It has been proposed that the occurrence of crossovers near centromeres is selectively disadvantageous because 
it may cause premature sister chromatid separation leading to non-disjunction events at the second meiotic divi-
sion24. It is interesting to mention our recent observation that also mitotic segregation is not affected by the 
absence of centromeric satellite repeats on horse chromosome 1144.
The formation of chromosome bivalents at pachytene stage is accompanied by the pairing of centromeres, as 
reported for all eukaryotic species studied so far45,46. During the analysis of horse meiosis, we observed a peculiar 
phenomenon: centromeres with double or extended CENP-A signals (DSS) were frequently observed. The mor-
phology of these unusual signals ranged from well separated double spots to long “stretched” signals, which were 
interpreted as double CENP-A binding domains too close to be resolved separately.
Previous reports on mammalian species, such as the common shrew and the dwarf hamster, detected the pres-
ence of double-spotted centromeres47,48, although their presence and frequency remained unexplained. In our 
horse system we identified DSS centromeres at a surprising high frequency on different chromosome bivalents, 
showing a high inter-cellular variability. In the light of our results, we hypothesized that, at DSS centromeres, the 
CENP-A binding domains of the two homologous chromosomes are localized on different regions, giving rise 
to double spots or to stretched signals, depending on the distance between them. This interpretation is strongly 
supported by signal intensity comparisons in single versus DSS centromeres and the XY body.
The number of DSS centromeres per cell was highly variable (from one to seven) also among cells of the same 
individual. No statistically significant inter-individual variation could be observed.
The observation of these peculiar centromeres raises the question whether they have any biological 
meaning. Taking advantage of the satellite-less centromeres of the genus Equus, we previously demonstrated 
that the position of the centromere is not fixed but slides, giving rise to different positional alleles, defined 
“epialleles”, which are inherited as Mendelian traits36,37. Similar polymorphism regarding the position of the 
CENP-A binding domains was reported also in some human satellite-based centromere, such as the one of 
HSA 1749. Indeed, in HSA 17, the centromere can assemble on different alpha satellite arrays and individuals 
with heterozygosity in the position of the centromere were reported. A similar characterization is not pos-
sible for the horse satellite-based centromeres since their sequences are lacking chromosomal assignment 
in the horse genome.
It is known that repeat copy number of satellite DNA arrays can vary, even between homologous chromo-
somes50–52. Therefore, although satellite-less centromeres can only display epigenetic positional variation due 
to centromere sliding, satellite-based centromeres can also display DNA sequence variation due to variable 
numbers of tandem repeats. We recently demonstrated that the repeated units of the major horse centro-
meric satellite DNA, 37cen, are homogeneous at the sequence level35. We now propose that the presence of 
numerous conserved monomers may lead to homology-based pairing between different regions of the exten-
sive array, thus, causing a “staggered” alignment, here called “misalignment”. The presence of polymorphism 
among homologous chromosomes regarding the position of CENP-A binding domains and the number of 
tandem repeats suggests a possible interpretation for the occurrence of DSS centromeres. As depicted in the 
model presented in Fig. 4, we propose that DSSs are the result of two independent components: epiallelism 
for the position of the CENP-A binding domains and misalignment events between centromeric and peri-
centromeric satellite DNA arrays of the homologous chromosomes during pairing. This misalignment may 
increase the physical distance between centromeric domains which may be already in different positions on the 
two homologs due to CENP-A binding domain sliding. In this scenario, our DSS centromeres would become 
visible when the distance between the centromeric domains on the two homologous chromosomes is long 
enough to be resolved by our method (Fig. 4b,c). While epialleles are conserved from cell to cell and inherited 
as Mendelian traits, the degree of misalignment varies from meiosis to meiosis, resulting in the great variabil-
ity of the number and distribution of DSSs. Therefore, since we observed that the number of DSSs is variable 
among pachytene spreads of the same individual and misalignment may affect all satellite-based centromeres, 
it is likely that all chromosomes could potentially carry a DSS.
Interestingly, DSSs were not identified on ECA 2, whose centromere is the only satellite-based one lacking 
the 37cen satellite. Although more data would be necessary to test this hypothesis, we propose that the 37cen 
satellite may be prone to misalignment because its repeated arrays are particularly conserved35. The model is 
also supported by the lack of DSSs on ECA 11 bivalents in horse TE. In this individual, the centromeric domains 
on the two homologs are very close (Fig. 3c) and no satellite repeat misalignment can obviously occur on this 
satellite-less chromosome. We cannot exclude that, in individuals in which the two ECA 11 centromeric domains 
are located on sufficiently distant regions, DSSs may be observed also on satellite-less centromeres.
The proposed model may also explain the observation of a double-spotted centromere in the common shrew 
and in the dwarf hamster47,48. In our system we identified DSS centromeres at a surprising high frequency on 
different chromosome bivalents, showing high inter-cellular variability. Overall, our findings suggest that the 
combination of centromere sliding and misalignment of satellite arrays may occur at high frequency in the horse, 
in agreement with the exceptional centromere plasticity of the Equus species.
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Methods
Testis collection and treatment. Testicular samples from five horses (TE, MP, PV, LL and KA) were 
obtained by certified veterinarians following castration procedures under general anaesthesia. The castrations 
were not carried out for our research but were performed as routine management of riding horses. Testicular sam-
ples from the five horses were given to us instead of being discarded. All methods were carried out in accordance 
with relevant guidelines and regulations.
Testes were cut in small pieces (about 1 cm3) using sterile scalpel blades and frozen at −80 °C until use.
Anti-CENP-A serum preparation. For antibody preparation, an E. coli codon optimized version of horse 
CENP-A (ENSECAP00000013849) was synthesized (Eurofins Genomics) and cloned into pDEST17 for expres-
sion of an N-terminally 6-his tagged CENP-A protein in E. coli BL21-AI. Inclusion bodies were purified by differ-
ential centrifugation, solubilized in 7 M guanidinium-HCl and protein was purified by affinity chromatography 
on Ni-NTA agarose in 7 M Urea (ThermoFisher). Purified protein was dialyzed against phosphate-buffered saline 
(PBS) and used as immunogen to raise an antibody in sheep.
Pachytene spread preparation and immunofluorescence. Pachytene spreads were prepared from 
frozen testis samples as previously described53,54 with minor modifications to adapt the protocol to this horse 
tissue. Immunofluorescence experiments were performed with the following antibodies: anti-SCP3 antibody 
(Abcam ab15093), anti-CENP-A sheep serum, CREST serum (kindly provided by Dr. Claudia Alpini, Fondazione 
I.R.C.C.S. Policlinico San Matteo, Pavia, Italy) and anti-MLH1 antibody (BD Pharmingen, 551091). Fixation with 
4% paraformaldehyde (pH 10) in 1x PBS, 0.015% TritonX-100 was used for the preparation of slides for immu-
nofluorescence with the CREST serum. Fixation with 1% formaldehyde, 0.015% TritonX-100 (pH 9.8) was used 
for the preparation of slides for immunofluorescence with the anti-CENP-A antibody and for sequential immu-
nofluorescence with the anti-CENP-A and CREST sera. The sequential protocol is not optimal for both CREST 
and anti-CENP-A sera. This is the reason of the sub-optimal immunostaining of centromeres obtained with the 
combined immunofluorescence.
Slides were permeabilized in 0.05% Tween-20 in PBS. Rhodamine anti-rabbit, Alexa488 anti-sheep, Alexa488 
or Alexa647 anti-human and Alexa488 anti-mouse secondary antibodies were used. Pachytene chromosomes 
were counterstained with DAPI (0.2 μg/ml) and mounted with Fluorescence Mounting Medium (Dako).
Image acquisition, measurement and statistical analysis. Digital images from fluorescence sig-
nals were acquired with a fluorescence microscope (Zeiss Axioplan) equipped with a cooled CCD camera 
(Photometrics). Pseudo-colouring and merging of images were performed using the IPLab Imaging Software.
Figure 4. Model for double-spotted centromeres in horse pachytene. On the left, two homologous 
chromosomes (maternal M and paternal P) with different centromeric position within satellite DNA arrays 
characterized by different numbers of satellite repeats. On the right, possible scenarios after homolog pairing: 
centromeres remain too close to be resolved separately (a) or become sufficiently distant to be visualized as 
stretched (b) or double-spotted (c) signals.
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Chromosomal length measurements and the analysis of MLH1 foci positions along chromosomal axes were 
performed using ImageJ 151.s software. The intensity of CENP-A signals was measured, after background sub-
traction, as Integrated Density, a parameter obtained through the ImageJ 151.s software.
To evaluate inter-individual variability of the number of double and stretched signals we applied the 
Kruskal-Wallis test using the VassarStats website55.
Mean values in the Result section are reported with their standard deviations.
Fluorescence In Situ Hybridization. After immunofluorescence and image acquisition, Fluorescence In 
Situ Hybridization (FISH) was performed as previously described56. The 37cen satellite DNA probe was labelled 
by nick translation with Cy3-dUTP (Enzo Life Sciences) as previously described57.
Cell culture. Horse TE fibroblasts were obtained from testicular tissue after castration. The cells were cultured 
in high glucose DMEM (EuroClone) medium supplemented with 15% foetal bovine serum, 2 mM L-glutamine, 
1% penicillin/streptomycin and 2% non-essential amino acids at 37 °C with 5% CO2.
ChIP-seq. Chromatin from primary fibroblasts of individual TE was cross-linked with 1% formaldehyde, 
extracted, and sonicated to obtain DNA fragments ranging from 200 to 800 bp. Immunoprecipitation was per-
formed as previously described35 by using a human CREST serum36. Sequencing and bioinformatic analysis was 
performed as previously described37.
Accession codes. Raw sequencing data from this study have been submitted to the NCBI BioProject data-
base (http://www.ncbi.nlm.nih.gov/bioproject/) under accession number PRJNA557197.
Received: 9 August 2019; Accepted: 11 October 2019;
Published: xx xx xxxx
References
 1. Baudat, F., Imai, Y. & de Massy, B. Meiotic recombination in mammals: localization and regulation. Nat. Rev. Genet. 14, 794–806 
(2013).
 2. Zickler, D. & Kleckner, N. Meiotic chromosomes: integrating structure and function. Annu. Rev. Genet. 33, 603–754 (1999).
 3. Gao, J. & Colaiácovo, M. P. Zipping and Unzipping: Protein Modifications Regulating Synaptonemal Complex Dynamics. Trends 
Genet. 34, 232–245 (2018).
 4. Keeney, S., Giroux, C. N. & Kleckner, N. Meiosis specific DNA double-strand breaks are catalyzed by Spo11, a member of a widely 
conserved protein family. Cell 88, 375–384 (1997).
 5. Jones, G. H. The control of chiasma distribution in rye. Chromosoma 22, 69–90 (1967).
 6. Cole, F. et al. Homeostatic control of recombination is implemented progressively in mouse meiosis. Nat. Cell Biol. 14, 424–430 
(2012).
 7. Capilla, L., Garcia Caldés, M. & Ruiz-Herrera, A. Mammalian Meiotic Recombination: A Toolbox for Genome Evolution. Cytogenet. 
Genome Res. 150, 1–16 (2016).
 8. Jones, G. H. & Franklin, F. C. Meiotic crossing-over: obligation and interference. Cell 126, 246–248 (2006).
 9. Zickler, D. & Kleckner, N. Recombination, pairing, and synapsis of homologs during meiosis. Cold Spring Harb. Perspect. Biol. 7, 6 
(2015).
 10. Henikoff, S. The centromere paradox: stable inheritance with rapidly evolving DNA. Science 293, 1098–1102 (2001).
 11. Cleveland, D. W., Mao, Y. & Sullivan, K. F. Centromeres and kinetochores. Cell 112, 407–421 (2003).
 12. Beadle, G. W. A Possible Influence of the Spindle Fibre on Crossing-Over in Drosophila. PNAS 18, 160–165 (1932).
 13. Mather, K. Crossing over and Heterochromatin in the X Chromosome of Drosophila Melanogaster. Genetics 24, 413–435 (1939).
 14. Lambie, E. J. & Roeder, G. S. Repression of meiotic crossing over by a centromere (CEN3) in Saccharomyces cerevisiae. Genetics 114, 
769–789 (1986).
 15. Choo, K. H. Why is the centromere so cold? Genome Res. 8, 81–82 (1998).
 16. Nakaseko, Y., Adachi, Y., Funahashi, S., Niwa, O. & Yanagida, M. Chromosome walking shows a highly homologous repetitive 
sequence present in all the centromere regions of fission yeast. EMBO J. 5, 1011–1021 (1986).
 17. Rahn, M. I. & Solari, A. J. Recombination nodules in the oocytes of the chicken, Gallus domesticus. Cytogenet. Cell Genet. 43, 
187–193 (1986).
 18. Mahtani, M. M. & Willard, H. F. Physical and genetic mapping of the human X chromosome centromere: repression of 
recombination. Genome Res. 8, 100–110 (1998).
 19. Sherman, J. D. & Stack, S. M. Two-dimensional spreads of synaptonemal complexes from solanaceous plants. VI. High-resolution 
recombination nodule map for tomato (Lycopersicon esculentum). Genetics 141, 683–708 (1995).
 20. Round, E. K., Flowers, S. K. & Richards, E. J. Arabidopsis thaliana centromere regions: genetic map positions and repetitive DNA 
structure. Genome Res. 7, 1045–1053 (1997).
 21. Harushima, Y. et al. A high-density rice genetic linkage map with 2275 markers using a single F2 population. Genetics 148, 479–494 
(1998).
 22. Haupt, W., Fischer, T. C., Winderl, S., Fransz, P. & Torres-Ruiz, R. A. The centromere1 (CEN1) region of Arabidopsis thaliana: 
architecture and functional impact of chromatin. Plant J. 27, 285–296 (2001).
 23. Anderson, L. K. et al. High-resolution crossover maps for each bivalent of Zea mays using recombination nodules. Genetics 165, 
849–865 (2003).
 24. Talbert, P. B. & Henikoff, S. Centromeres convert but don’t cross. PLoS Biol. 8, e1000326 (2010).
 25. Giulotto, E., Raimondi, E. & Sullivan, K. F. The Unique DNA sequences underlying equine centromeres in Centromeres and 
Kinetochores (ed. Black, B.) 337–354 (Progress in Molecular and Subcellular Biology, Springer: Cham, Swiss Confederation, 
2017).
 26. Wade, C. M. et al. Genome sequence, comparative analysis, and population genetics of the domestic horse. Science 326, 865–867 
(2009).
 27. Piras, F. M. et al. Uncoupling of satellite DNA and centromeric function in the genus Equus. PLoS Genet. 6, e1000845 (2010).
 28. Carbone, L. et al. Evolutionary movement of centromeres in horse, donkey, and zebra. Genomics 87, 777–782 (2006).
 29. Piras, F. M. et al. Phylogeny of horse chromosome 5q in the genus Equus and centromere repositioning. Cytogenet. Genome Res. 126, 
165–172 (2009).
9Scientific RepoRtS |         (2019) 9:15800  | https://doi.org/10.1038/s41598-019-52153-1
www.nature.com/scientificreportswww.nature.com/scientificreports/
 30. Geigl, E.M. et al. Genetics and paleogenetics of equids in Wild equids (ed. Ransom, J. I., Kaczensky, P.) 87–104 (Johns Hopkins 
University Press, Baltimore, MD. 2016).
 31. Montefalcone, G., Tempesta, S., Rocchi, M. & Archidiacono, N. Centromere repositioning. Genome Res. 9, 1184–1188 (1999).
 32. Santagostino, M. et al. Genome-wide evolutionary and functional analysis of the Equine Repetitive Element 1: an insertion in the 
myostatin promoter affects gene expression. BMC Genet. 16, 126 (2015).
 33. Nergadze, S. G. et al. Mitochondrial DNA insertions in the nuclear horse genome. Anim Genet. 41, 176–185 (2010).
 34. Nergadze, S. G. et al. Discovery and comparative analysis of a novel satellite, EC137, in horses and other equids. Cytogenet. Genome 
Res. 144, 114–123 (2014).
 35. Cerutti, F. et al. The major horse satellite DNA family is associated with centromere competence. Mol. Cytogenet. 9, 35 (2016).
 36. Purgato, S. et al. Centromere sliding on a mammalian chromosome. Chromosoma 124, 277–287 (2015).
 37. Nergadze, S. G. et al. Birth, evolution and transmission of satellite-free mammalian centromeric domains. Genome Res. 28, 789–799 
(2018).
 38. Al-Jaru, A., Goodwin, W., Skidmore, J. & Khazanehdari, K. Distribution of MLH1 foci in horse male synaptonemal complex. 
Cytogenet. Genome Res. 142, 87–94 (2014).
 39. Lynn, A. et al. Covariation of synaptonemal complex length and mammalian meiotic exchange rates. Science 296, 2222–2225 (2002).
 40. Lynn, A., Ashley, T. & Hassold, T. Variation in human meiotic recombination. Annu. Rev. Genomics Hum. Genet. 5, 317–349 (2004).
 41. Segura, J. et al. Evolution of recombination in eutherian mammals: insights into mechanisms that affect recombination rates and 
crossover interference. Proc. Biol. Sci. 280, 20131945 (2013).
 42. Ruiz-Herrera, A. et al. Recombination correlates with synaptonemal complex length and chromatin loop size in bovids-insights into 
mammalian meiotic chromosomal organization. Chromosoma 126, 615–631 (2017).
 43. Wang, S. et al. Per-Nucleus Crossover Covariation and Implications for Evolution. Cell 177, 326–338 (2019).
 44. Roberti, A. et al. Satellite DNA at the Centromere is Dispensable for Segregation Fidelity. Genes (Basel) 10, E469 (2019).
 45. Kurdzo, E. L. & Dawson, D. S. Centromere pairing–tethering partner chromosomes in meiosis I. FEBS J. 282, 2458–2470 (2015).
 46. Da Ines, O. & White, C. I. Centromere Associations in Meiotic Chromosome Pairing. Annu. Rev. Genet. 49, 95–114 (2015).
 47. Borodin, P. M. et al. Recombination map of the common shrew, Sorex araneus (Eulipotyphla, Mammalia). Genetics 178, 621–632 
(2008).
 48. Bikchurina, T. I. et al. Chromosome Synapsis and Recombination in Male-Sterile and Female-Fertile Interspecies Hybrids of the 
Dwarf Hamsters (Phodopus, Cricetidae). Genes 9, 227 (2018).
 49. Maloney, K. A. et al. Functional epialleles at an endogenous human centromere. Proc. Natl. Acad. Sci. USA 109, 13704–13709 (2012).
 50. Waye, J. S. & Willard, H. F. Molecular analysis of a deletion polymorphism in alpha satellite of human chromosome 17: evidence for 
homologous unequal crossing-over and subsequent fixation. Nucleic Acids Res. 14, 6915–6927 (1986).
 51. Warburton, P. E. & Willard, H. F. Interhomologue sequence variation of alpha satellite DNA from human chromosome 17: evidence 
for concerted evolution along haplotypic lineages. J. Mol. Evol. 41, 1006–1015 (1995).
 52. Sullivan, L. L., Chew, K. & Sullivan, B. A. α satellite DNA variation and function of the human centromere. Nucleus 8, 331–339 
(2017).
 53. Peters, A. H., Plug, A. W., van Vugt, M. J. & de Boer, P. A drying-down technique for the spreading of mammalian meiocytes from 
the male and female germline. Chromosome Res. 5, 66–68 (1997).
 54. Garcia-Cruz, R. et al. Pairing and recombination features during meiosis in Cebus paraguayanus (Primates: Platyrrhini). BMC 
Genet. 10, 25 (2009).
 55. Lowry, R. VassarStats: Website for Statistical Computation. Available at, http://vassarstats.net/ (accessed 26th April 2019).
 56. Garcia-Cruz, R. et al. A comparative study of the recombination pattern in three species of Platyrrhini monkeys (primates). 
Chromosoma 120, 521–530 (2011).
 57. Vidale, P. et al. Chromosomal assignment of six genes (EIF4G3, HSP90, RBBP6, IL8, TERT and TERC) in four species of the genus 
Equus. Anim. Biotechnol. 22, 119–123 (2011).
Acknowledgements
We are grateful to Cesare Rognoni, DVM, (Equicenter Monteleone, Inverno e Monteleone, Pavia, Italy) and 
Simone Vignati, DVM, for their precious collaboration. We thank Antonella Lisa and Ginevra Biino (Istituto 
di Genetica Molecolare, CNR, Pavia) for their precious suggestions on statistical analyses. We thank Claudia 
Alpini (Fondazione I.R.C.C.S. Policlinico San Matteo, Pavia, Italy) for the CREST serum. The E.G. lab was funded 
by Consiglio Nazionale delle Ricerche (CNR-Progetto Bandiera Epigenomica, Subproject 4.9), from Ministero 
dell’Istruzione dell’Università e della Ricerca (MIUR: PRIN Grant No. 2015RA7XZS_002); Dipartimenti di 
Eccellenza Program (2018–2022) – Dept. of Biology and Biotechnology “L. Spallanzani,”University of Pavia. The 
A.R.-H. lab was funded by Ministerio de Economía y Competitividad (Spain) (CGL2014-54317-P and CGL2017-
83802-P). The K.F.S. laboratory was supported by Science Foundation Ireland Grant No. 12/A/1370.
Author contributions
E.G. and A.R.-H. conceived the study and supervised all experiments. E.C. and F.M.P. carried out most 
experiments and bioinformatic analyses and contributed to result interpretation and figure preparation. C.V., 
C.B. and M.B. contributed to some cell biology experiments. T.A.M., K.F.S., S.G.N. and M.S. provided materials 
and data. E.G., A.R.-H., E.C., F.M.P., S.G.N., K.F.S. and M.S. participated in discussions and result interpretation. 
E.G., E.C. and F.M.P. wrote the manuscript.
competing interests
The authors declare no competing interests.
Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-52153-1.
Correspondence and requests for materials should be addressed to A.R.-H. or E.G.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
1 0Scientific RepoRtS |         (2019) 9:15800  | https://doi.org/10.1038/s41598-019-52153-1
www.nature.com/scientificreportswww.nature.com/scientificreports/
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019
